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57 ABSTRACT

The present invention provides a composite wall panel with
good thermal insulation and sufficient strength for structural
use which is designed for the fabrication of energy efficient
building. The composite wall panel of the present invention
comprises a foamed concrete core with sufficient compres-
sive strength and low thermal conductivity which is sand-
wiched between two lightweight ductile fiber reinforced
cementitious composite (FRCC) protective layers with low
thermal conductivity, good barrier resistance to moisture/
chloride ion/gas, multiple cracking as well as certain amount
of steel reinforcements. These composite wall panels are
useful in a variety of buildings in both cold and hot regions.

16 Claims, 8 Drawing Sheets
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1
COMPOSITE WALL PANEL WITH LOW
THERMAL CONDUCTIVITY AND
SUFFICIENT STRENGTH FOR STRUCTURAL
USE

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims benefits from the U.S. provisional
patent application No. 61/633,920 filed Feb. 21,2012, and the
disclosure of which is incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to a composite wall panel
system with sufficient strength for structural use and low
thermal conductivity, and a method for fabricating the sys-
tem.

TECHNICAL BACKGROUND OF THE
INVENTION

With increasing concerns of the greenhouse gas emission
arising from electricity consumption and the rising energy
cost, the demand for better thermal insulation in the building
enclosures has drastically increased over the past few years.
To improve the thermal insulation of building envelope,
increasing the wall thickness is one ofthe solutions. However,
it is less practical than directly reducing the overall thermal
conductivity (k) of the envelopes of buildings.

For a given wall thickness, the thermal insulation of build-
ing envelope could be improved if the wall is constructed with
foamed concrete with low thermal conductivity instead of
normal concrete. Foamed concrete is a porous cementitious
material formed by entrapping homogeneous pores into
cementitious matrix using appropriate method. At present,
introduction of pores can be achieved through mechanical
means either by preformed foaming or mix foaming (Nam-
biar & Ramaurthy; 2007). The foaming agent for preformed
foaming includes both the protein-based and synthetic-based
foaming agent. Previous studies show that the thermal con-
ductivity of concrete is usually proportional to its density
(Shrivastava, 1977), and a decrease of dry density by 100
kg/m? results in a reduction of thermal conductivity by 0.04
W/mK for lightweight aggregate foamed concrete (Weigler &
Karl, 1980). Jones and McCarthy (2003) showed that foamed
concrete with a plastic density of 1000 kg/m> exhibited a
typical thermal conductivity of 0.23-0.42 W/mK.

Since the strength of foamed concrete also decreases with
increasing porosity, the strength of foamed concrete with
sufficiently low thermal conductivity is always below the
strength level for structural use. It would be desirable to
develop a foamed concrete composition with both sufficiently
low thermal conductivity and sufficient strength for structural
use.

When foamed concrete is used to replace normal concrete,
the presence of the pores will promote the penetration of
moisture, chloride ion and carbon dioxide into foamed con-
crete and the durability against corrosion of steel reinforce-
ment may be a concern. Previous studies showed that both the
transport properties (including water permeability and chlo-
ride diffusivity) and carbonation resistance of foamed con-
crete are similar to those of normal concrete of similar
strength (Chandra & Berntsson, 2003; Osborne, 1995). One
important point to highlight, however, is that the test results
are based on measurements on foamed concrete members that
are not loaded and therefore not cracked. However, in prac-
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tice, due to the low toughness of foamed concrete, it is easy
for cracks to form in both foamed concrete and its protective
coating/surface treatment (if applied) under loading. While
the formation of fine cracks should not affect structural per-
formance (as the tensile load capacity of concrete is neglected
anyways), it can severely degrade the transport properties and
carbonation resistance of foamed concrete (Chandra & Bern-
tsson, 2003). Experimental findings in those studies actually
indicated severe steel rusting at the vicinity of cracks in
foamed concrete. With such a view, lightweight high perfor-
mance fiber reinforced cementitious composites (FRCC) lay-
ers could be used, as a protective layer, together with foamed
concrete. As there are no coarse aggregates used, the structure
of FRCC can be designed as dense as that of normal concrete
and even high strength concrete. More importantly, light-
weight high performance FRCC can be designed to show high
ductility, strain hardening and multiple cracking behaviors,
and crack control capability under loading (Wang & Li,
2003). Indeed, previous studies showed that high perfor-
mance FRCC has the ability to control crack openings to
below 0.05 mm under loading (Li & Leung, 1992; Lepech &
Li, 2009). According to Wang et al (1997) and Djerbi et al
(2008), the water permeability and chloride diffusivity of
concrete will not be affected by cracks that are so fine. In
addition, with low density and thermal conductivity of light-
weight FRCC, the thermal insulation performance of light-
weight FRCC layer would be compatible to that of foamed
concrete. It is hence possible to use lightweight FRCC layer
to protect foamed concrete from external environmental fac-
tors under both loading and unloading conditions.

U.S. Pat. No. 6,969,423 discloses lightweight high perfor-
mance fiber reinforced cementitious composite (FRCC)
showing low density, high ductility and strain hardening as
well as multiple cracking behaviors. However, both the ther-
mal conductivity and transport properties of the lightweight
FRCC are not disclosed.

With such a view, it would be desirable to develop a light-
weight high performance FRCC layer with good thermal
insulation and sufficient barrier resistance to moisture/chlo-
ride ion/carbon dioxide penetration, as a protective layer for
foamed concrete.

SUMMARY OF THE INVENTION

The present invention pertains to a composite wall panel
system comprising a foamed concrete core, sandwiched
between at least two lightweight ductile fiber reinforced
cementitious composite (FRCC) layers. The overall thickness
is between 60-600 mm.

In the first aspect, the foamed concrete core is formed of
different components comprising cement, foaming agent,
water, fly ash, silica fume, slag, superplasticizer and fibers.
Various composition designs are possible for making this
core. An exemplary composition of the foamed concrete core
includes the following components in percentage by volume:
about 1 to about 60 percent by volume of cement, about 0 to
about 75 percent by volume of fly ash, about 0 to about 50
percent by volume of slag, about 0 to about 20 percent by
volume of silica fume, about 0 to about 50 percent by volume
of sand, about 0 to about 75 percent by volume of hollow
aggregate, about 1 to about 50 percent by volume of water,
about 0 to about 2 percent by volume of naphthalene sulpho-
nate based superplasticizer with a formula of ([C, ;H,NaO;S]
[CH,0]),,, about 0 to about 2 percent by volume of polycar-
boxylate ether based superplasticizer with a formula of
(C,HO,),, and C,,H,,,,,0,,. ,, about 0.01 to about 1 percent
by volume of protein based foaming agent with a formula of
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(C,H,0R),,, wherein R is any amino acid substituent, about
0.01 to about 1 percent by volume of synthetic based foaming
agent with a formula of C,,H,(OCH,CH,),,OH, about 0 to
about 5 percent by volume of polypropylene fiber, about 0 to
about 5 percent by volume of polyethylene fiber, about 0 to
about 5 percent by volume of polyvinyl alcohol fiber, about 0
to about 5 percent by volume of glass fiber, about O to about
5 percent by volume of carbon fiber. The thickness of this core
layer is between 50-500 mm. It is lightweight (800-1800
kg/m?), with low thermal conductivity (0.25-0.7 W/mK) and
sufficient compressive strength (1-70 MPa). A corresponding
method of preparing the foamed concrete core is also dis-
closed as follows: a) introducing about 0.01 to about 1 percent
by volume of a protein based foaming agent or synthetic
based foaming agent into a pump of a foaming machine; b)
providing pressurized air of 1-5 bars and pressurized water of
1-5 bars to the foaming machine; ¢) combining the pressur-
ized air and water of (b) and the foaming agent of (a) to form
foam bubbles; d) mixing about 1 to about 60 percent by
volume of cement, about 0 to about 75 percent by volume of
fly ash, about 0 to about 50 percent by volume of slag, about
0 to about 20 percent by volume of silica fume, about 0 to
about 50 percent by volume of sand, and about 0 to about 75
percent by volume of hollow aggregate with water to form a
concrete mix; e) adding about 0 to about 2 percent by volume
of naphthalene sulphonate based superplasticizer with a for-
mula of ([C,,H,NaO;S][CH,0]), or polycarboxylic acid
based superplasticizer with formulae of (C,H/O,), and
C,,H,,,.,0,,,, into the concrete mix of (d) and further mixing
to improve the workability; ) adding about 1 to about 40% by
volume of foam bubbles of (c) into the concrete mix of (d) and
further mixing to form a foamed concrete mix; g) adding 0 to
about 5 percent by volume of one fiber selected from polypro-
pylene fiber, polyethylene fiber, polyvinyl alcohol fiber, glass
fiber, or carbon fiber, into the foamed concrete mix of (f) and
further mixing to give a uniform fiber dispersion in order to
form a binder matrix. After hardening of the binder matrix by
air dry, a foamed concrete core is then formed.

In the second aspect of the present invention, the FRCC
layer is formed of different components comprising cement,
sand, water, fiber, lightweight filler, fly ash, silica fume, slag,
superplasticizer and HPMC. Various composite designs are
possible for making this layer. The thickness of each FRCC
layer is between 5-50 mm; the density of FRCC layer is about
1000-1800 kg/m>. The at least two FRCC layers serve as
protective layers with good barrier resistance to moisture/
chloride ion/gas and good thermal insulation property.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate embodiments of the
present invention and, together with the description, serve to
explain the principles of the invention.

FIG. 1 is a side view of a wall panel, according to the
present invention.

FIG. 2 is a cross-sectional elevation view of the wall panel
of FIG. 1, showing the porous structure of foamed concrete.

FIG. 3 is a cross-sectional elevation view of the wall panel
of FIG. 1, showing the distribution of fibers and lightweight
fillers in the FRCC layer.

FIG. 4 is a setup for illustrating the difference in the ther-
mal insulation property between foamed concrete and normal
concrete.

FIG. 5 shows the trend of 28-day compressive strength
against plastic density of foamed concrete

FIG. 6 shows the trend of thermal conductivity against
plastic density of foamed concrete.
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FIG. 7 illustrates a stress strain curve for one embodiment
of fiber reinforced cementitious composite for preparing the
protective layer in the present invention. The test is performed
in triplicate.

FIG. 8 illustrates a stress strain curve for a further embodi-
ment of fiber reinforced cementitious composite for prepar-
ing the protective layer in the present invention. The test is
performed in triplicate.

DESCRIPTION OF THE INVENTION

The present invention is related to a lightweight external
composite wall panel system that can improve the thermal
insulation of building envelope significantly comparing with
ordinary concrete external wall. The plastic density of normal
concrete is about 2400 kg/m?®, while the density of the pres-
ently disclosed composite wall panel is only 1000 kg/m?>-
1800 kg/m> depending on the composition design of the core
and/or the composite design of the FRCC layers. The reduced
self-weight of the composite wall is beneficial to the construc-
tion processes by using precast concrete components in the
construction sites. Compared to the thermal conductivity of
normal concrete, which is about 1.7 W/mK-2.6 W/mK, the
presently disclosed composite wall panel is much smaller
with a value about 0.25-0.7 W/mK depending on the compo-
sition/composite designs of the core and FRCC layers. The
significant improvement of thermal insulation of external
walls can contribute as a ‘green technology’ in building con-
struction. In summer, due to the higher outdoor temperature,
heat flow by induction through the walls makes the indoor
temperature keep on rising. Air conditioner is commonly used
to keep the indoor room temperature at about 25° C. With the
good thermal insulation performance of the composite wall
panel system of the present invention, the indoor temperature
and thus the electricity consumption for operating air condi-
tioner is reduced. A demonstration illustrating the improved
thermal insulation performance of the presently disclosed
composite wall panel is described in example 1. The details of
the composite wall panel are described in the following sec-
tions.

As shown in FIG. 1, the present invention is a composite
wall panel system made up by layers of cementitious materi-
als: a foamed concrete layer 1 sandwiched between two fiber
reinforced cementitious composites (FRCC) layers 2. To
resist bending and the resulting tensile stress in the wall panel,
steel reinforcement 3 is applied.

The cross sections of foamed concrete 1 are shown in FIG.
2. Foamed concrete 1 is a porous cementitious material with
air spaces 4 homogenously distributed throughout the con-
crete. These air spaces are made by foam bubbles using either
protein-based foaming agent or synthetic-based foaming
agent during the concrete mixing process. In one embodi-
ment, the protein-based foaming agent is Profo-600 which is
a kind of protein-hydrolization-based foaming agent. In
another embodiment, the synthetic-based foaming agent is
Rheocell 10 which is a kind of polyoxyethylene alkyl ether
tenside. To produce the foam bubbles and thus the air spaces,
the mentioned foaming agent is drawn into a foaming
machine. Together with the supply of 2-4 bars of pressurized
air and pressurized water, the foaming machine will generate
stable foam bubbles. By mixing the foam bubbles directly
into the fresh concrete mix, the density of foamed concrete 1
is reduced significantly. With different dosage of foam
bubbles (e.g. 1%-40% by volume of foam bubbles), foamed
concrete 1 of plastic density in 600-2000 kg/m> can be pro-
duced. Therefore, the plastic density of the presently dis-
closed composite wall can be controlled to 800 kg/m?>-1800
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kg/m®. In an embodiment, with 10%-40% in volume fraction
of the foam bubbles content, the plastic density can be con-
trolled in a range of about 1200 kg/m> to 1800 kg/m>.

Since the thermal conductivity of air is 0.024 W/mK,
which is much lower than that of normal concrete (1.7 W/mK-
2.6 W/mK), the thermal conductivity of foamed concrete 1
can be significantly reduced to 0.25-0.7 W/mK by introduc-
ing the air spaces 4 into the concrete 1.

The foamed concrete 1 is formed from a foam concrete
composition comprising a mixture of cementitious material,
foaming agent and polymeric fibers. Cementitious material
refers to conventional concretes and mixtures which rely on
hydraulic curing mechanisms. The cementitious material
comprises one or more of cement, fly ash, superplasticizer
and water. The superplasticizer used in the composition for
forming the foamed concrete 1 includes naphthalene sulpho-
nate based superplasticizer or polycarboxylic acid based
superplasticizer. In one embodiment, the naphthalene sulpho-
nate based superplasticizer is Rheobuild 561 which is a kind
of Naphthalene Sulfonate Formaldehyde Condensates. In
another embodiment, the polycarboxylic acid based super-
plasticizer is Glenium ACE 80 which is a kind of polycar-
boxylic acid based superplasticizer. In addition to the forego-
ing components in the cementitious material, it should be
further understood that other additional components such as
slag, silica fume, and aggregate may be added to the cemen-
titious material as well. By proper adjustment of design mix
(e.g. ratio of water/cement, preferably ratio of 0.3), the
foamed concrete 1 can provide 28-day compressive strength
of 1-70 MPa with different degree of air spaces 4. The mea-
sured compressive strength and thermal conductivity are
illustrated in example 2.

In the present invention, the FRCC layer 2 is formed from
a lightweight fiber reinforced cementitious composite com-
position comprising a mixture of cementitious material, light-
weight fillers and fibers. FIG. 3 shows the cross sections of the
FRCC layer where 5 is the discontinuous fiber while 6 is the
lightweight filler.

The cementitious material generally comprises one or
more of cement, silica sand, water, hydroxypropyl methyl
cellulose (HPMC), superplasticizer and pozzolans. Suitable
examples apply to pozzolans where the compositions include
but not limit to fly ash, slag and silica fume. With the use of
pozzolans and low water/binder (cement plus pozzolans)
ratio (e.g. at 0.3-0.45 and preferably at 0.325-0.375 when S15
(3M) glass bubble is used as lightweight filler), the transport
properties of FRCC can even reach the level of high strength
concrete.

More importantly, in the present invention, FRCC is
designed to show strain hardening and multiple cracking
behavior, high strain capacity and crack control capability
under tension, by using a suitable amount of discontinuous
fibers 5. One of suitable examples of the discontinuous fibers
include but not limit to PVA. Preferably, the fiber content is
about 1.75% in volume ratio when PVA fiber is employed.

For the whole composite wall panel to achieve good ther-
mal insulation performance, apart from the foamed concrete
core, the thermal conductivity of the FRCC layers should also
be low. Addition of lightweight fillers 6 helps achieve this
aim. Lightweight fillers include but not limit to glass bubbles
(e.g. S15 (3M) glass bubble) and ceramic bubbles (e.g. 3M™
Ceramic Microspheres) used in the present invention (at a
content of about 30% by volume). Their presence decreases
the density and thus the thermal conductivity of FRCC, with-
out significantly destroying the ductility, crack control capa-
bility and transport properties of FRCC.
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In the present invention, the FRCC layer is applied on the
foamed concrete wall to protect foamed concrete from mois-
ture, chloride ion and carbonation, and hence protect steel
from corrosion, under both unloading and loading conditions.
Being cementitious in nature, the FRCC layer is perfectly
compatible with common wall finishes. It should be noted
that the application of a ductile FRCC layer on the external
wall surface has one additional advantage. Many years down
the road, when some of the steel reinforcements in the wall
actually rust and induce cracking of the concrete cover, the
loose concrete will be trapped by the ductile FRCC layer. The
falling of spalled concrete, which imposes a great threat to the
pedestrians, can hence be avoided by the present invention.

In the present invention, the composite wall panel system
with sandwich structure can be either precast or constructed
on site. For both precast and on-site construction, the com-
posite wall panel can be made by, but not limit to, casting in
three layers, in the order of FRCC, foamed concrete and
FRCC layers. In the casting process, each of the FRCC layers
can be applied on the foamed concrete by, but not limit to,
spraying or plastering. Another possibility is to have two
layers; with FRCC as an outer layer and foamed concrete as
an internal wall surface.

EXAMPLE 1

The thermal insulation property of foamed concrete is
illustrated in this example. FIG. 4 shows the setup including
anormal concrete 7, a foamed concrete 8, a FRCC layer 9 on
both normal concrete 7 and foamed concrete 8 surfaces, an
infrared lamp 10 and a thermocouple meter 11. The specimen
size of the normal concrete 7 and foamed concrete 8 is 300
mm (length)x200 mm (width)x100 mm (depth). The density
of normal concrete 7 and foamed concrete 8 are about 2400
kg/m® and 1300 kg/m> respectively. Since the present inven-
tion is a composite wall panel comprised of foamed concrete
core and one or more FRCC layers, a FRCC layer 9 is cast on
foamed concrete 8. To have a fair comparison, the same
FRCC layer 9 is also cast on a normal concrete 7 with the
same thickness. The infrared lamp 10 is used to simulate the
situation where external wall is exposed to sunlight. With the
infrared lamp 10 continuously shining on the FRCC layers 9
(for 2 hours in this example), the temperature of the FRCC
layer 9 keeps rising and heat is transferred from the FRCC
layer 9 to the normal concrete 7/foamed concrete 8 by con-
duction. By measuring the temperature on the other side
(without FRCC layer) of normal concrete 7/foamed concrete
8 with the use of thermocouple meter 11, the thermal insula-
tion property of FRCC layer-incorporated normal concrete
7/foamed concrete 8 can be compared.

The measured temperature of normal concrete 7 and
foamed concrete 8 on the side without FRCC layer were
summarized as follow:

TABLE 1
Temperature Temperature Temperature
Time of normal of foamed difference
(minutes) concrete 7 (T1) concrete 8(T2) (T1-T2)
0 23.0°C. 23.0°C. 0°C.
30 23.9°C. 23.2°C. 0.7°C.
60 26.6° C. 23.8°C. 2.8°C.
90 29.9°C. 24.5° C. 4.5°C.
120 31.5°C. 25.5°C. 6.0° C.

After turning on the infrared lamp 13 for 2 hours, the
temperature of FRCC layer-incorporated normal concrete
increases from 23° C. to 31.5° C., with 8.5° C. difference.
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However, the temperature of FRCC layer-incorporated
foamed concrete increases from 23° C. to 25.5° C., with 2.5°
C. difference only. This example indicates that the thermal
insulation performance of a concrete wall is remarkably
improved if foamed concrete is used.

EXAMPLE 2

For the composite wall panel of the present invention to
serve as precast external wall, sufficient structural strength is
required. Compared to ordinary foamed concrete which can
only provide compressive strength of less than 15 MPa, the
foamed concrete of the presently disclosed composite wall

8
EXAMPLE 3

This example serves to illustrate the concerned properties
of' the fiber reinforced cementitious composite (FRCC) used
for preparing the protective layer of the present invention.

The FRCC composite used for the protective layer prepa-
ration comprises cement, fly ash, water, lightweight filler,
silica sand, discontinuous polyvinyl alcohol (PVA) fiber,
superplasticizer and Hydroxypropyl Methyl Cellulose
(HPMC). The examples of different proportions of the com-
ponents in the composite, expressed as parts by weight, unless
otherwise indicated, are tabulated as follows:

TABLE 3
Lightweight Fiber
Mix No. Cement Flyash Water Sand filler HPMC SP (vol. %)
1 1 0 035 0.165 0.065 0.0011 0.015 1.75
2 0.67 0.33 035 0.165 0.06 0.0011 0.008 1.75
3 0.5 0.5 035 0.165 0.065 0.0011 0.007 1.75
4 0.2 0.8 035 0.165 0.05 0.0011 0.007 1.75

where SP = superplasticizer

panel can provide 4-70 MPa compressive strength depending
on the composition design of the concrete core, as shown in
our experimental results. The composition design of the
foamed concrete core is shown in Table 2. With different
designs of composition, the density and compressive strength
of'the foamed concrete core are adjusted. The trend of 28-day
compressive strength against plastic density of foamed con-
crete is shown in FIG. 5. From the results, the foamed con-
crete of the present invention with plastic density higher than
1400 kg/m? can provide 28-day compressive strength higher
than 25 MPa. For the foamed concrete with plastic density
1600 kg/m®, a 28-day compressive strength of about 50 MPa
can be provided. This shows that the foamed concrete used in
the composite wall panel of the present invention provides
sufficient compressive strength for the structural application
of external wall.

TABLE 2
Foam
Cement  Fly ash Silica fame  Fiber Superplasticizer Bubbles
1-60% 0-75% 0-20% 0-5% 0-2% 1-40%

However, the higher the density of the foamed concrete
core is, the higher is the thermal conductivity. To show the
relationship of thermal conductivity and plastic density, the
thermal conductivity of the foamed concrete core of the
present invention is measured. The trend of thermal conduc-
tivity against plastic density of foamed concrete is shown in
FIG. 6. From the results, the thermal conductivity of the
foamed concrete core is only 0.3 to 0.55 W/mK. Compared to
the thermal conductivity of normal concrete which is about
1.7-2.6 W/mK, the thermal conductivity of foamed concrete
core used in the present invention is reduced to one-fifth. This
means that the thermal insulation of the foamed concrete core
of the present invention can be five times more effective than
that of normal concrete. With such improved thermal insula-
tion and the sufficient strength of the foamed concrete, the
composite wall panel of the present invention offers great
advantage as a precast external wall having a significantly
improved thermal insulation.
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The cement used is Type I Portland cement (BS 12:1996,
52.5N) from Green Island Cement Co. Limited, Hong Kong.
The fly ash is supplied by the CLP Holdings Limited, Hong
Kong. One type of glass bubble, S15, from 3M Co., Minne-
sota, USA, is used as lightweight filler. The silica sand has a
size distribution from 180 um to 270 um. The HPMC used is
known as Ruiteng™ HPMC, which is supplied by Tong-
zhouda Tech Co. Ltd., Shenzhen, China. Itis used as viscosity
controlling agent. The superplasticizer, Glenium ACESO,
comes from BASF, is akind of polycarboxylate ether polymer
which is also used as the polycarboxylic acid based super-
plasticizer for the foamed concrete core of the present inven-
tion. The PVA fiber has a diameter of39 um and alength of 12
mm and is supplied by Kurary Co. Ltd., Osaka, Japan. It
should be noted that any equivalents of the commercially
available components as described herein in the FRCC mixes
can be used to prepare the FRCC mix of the present invention,
provided that the FRCC mixes are prepared according to the
mix proportions as described herein and the resulting FRCC
layer possesses the same properties as described in the
present invention.

The above mentioned compositions of FRCC are prepared
and mixed in a Hobart mixer with a planetary rotating blade.
Cement, fly ash, sand, glass bubble and HPMC powder are
dry mixed for 6-7 minutes, and then water and superplasti-
cizer are added and mixed for another 5-15 minutes. Finally,
the fibers are slowly added and mixed for 5 more minutes. The
fresh mixture is cast into stainless steel molds and gently
vibrated. Specimens are demolded after 24 hours and then
wet cured (25£2° C., 98% RH) for 28 days. The FRCC
samples are dried in air and their physical properties are
measured.

A uniaxial tensile test is conducted to characterize the
tensile behavior of the FRCC material for the protectively
layer. The nominal size of the test coupon specimen is 350
mmx50 mmx15 mm. Glass fiber reinforced polymer (GFRP)
(100 mmx50 mmx1 mm) and aluminum plates (70 mmx50
mmx1.5 mm) are adhesively bonded to the coupon specimens
ends to facilitate gripping and avoid failure at the grips. Tests
are conducted with an MTS machine with 250 kN capacity
under displacement control. The loading rate is 0.1 mm/min
throughout the test. Two external LVDTs (linear Variable
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Displacement Transducer) are attached to specimen side sur-
face with a gauge length of about 150 mm to measure the
displacement. The tensile test coupon specimens are also
used for density measurement by using a digital balance and
caliper.

The thermal conductivity of the protective layer is mea-
sured with a KEM Quick Thermal Conductivity Meter. The
test specimen is 100 mm in diameter and 50 mm in depth. The
test results for each example FRCC mix are summarized in
Table 4, including the density, thermal conductivity, tensile
strength and strain capacity.

TABLE 4
Thermal
Tensile first Tensile Tensile conduc-
Mix Density cracking ultimate strain tivity
No. (kg/m?) strength (MPa) strength (MPa) capacity (%) (W/mK)
1 1399355 3.87 4.64 1.41 0.56
2 1401.14 2.90 4.48 1.66 0.53
3128949 2.81 3.87 1.61 0.49
4 1276.69 2.68 3.92 3.91 0.47

As shown in Table 3, mixes 1, 2, 3 and 4 have same weight
ratios of sand to binder (cement plus fly ash) and water to
binder as well as same fiber content, but different weight ratio
of cement to fly ash for making FRCC with different structure
and different glass bubble contents to achieve density below
1400 kg/m>. The test results show that the densities of mixes
1 and 2 are about 1400 kg/m>, while the density of mixes 3
and 4 are about 1300 kg/m>, which are all far below the
density of cement mortar (around 2000 kg/m*) and normal
concrete (around 2400 kg/m®). Moreover, the thermal con-
ductivity of the prepared FRCC mixes decreased from 0.56
W/mK to 0.47 W/mK with decreasing density, similar to the
thermal conductivity of the foamed concrete with density of
1500-1600 kg/m>. Table 3 and 4 indicate that more glass
bubbles are needed to achieve a specified density with
increasing cement content. Also, superplasticizer is needed to
avoid damage of glass bubbles during mixing and ensure the
workability of FRCC. It is found that the increase of fly ash
content is beneficial to reducing the thermal conductivity of
FRCC. The test results (in triplicate) also show that all the
prepared mixes exhibit significant strain-hardening behavior
(as shown in FIG. 7 and FIG. 8) and a relatively higher tensile
strain capacity, which ranges from 1.41% to 3.91% with
decreasing cement content, compared with 0.01% for unre-
inforced cement mortar. A comparison among the tensile test
results of mixes 1, 2, 3 and 4 indicates that a higher weight
ratio of cement to fly ash can lead to a higher tensile first
cracking strength and ultimate strength, but a lower tensile
strain capacity. Finally, the resulting FRCC layer of the
present invention has a carbonation rate in the range of 1-2.5
mm/year’-®, which is similar to that of the normal concrete.

While embodiments of the present invention have been
illustrated and described, it is not intended that these embodi-
ments illustrate and describe all possible forms of the inven-
tion. Rather, the words used in the specification are words of
description rather than limitation, and it is understood that
various changes may be made without departing from the
spirit and scope of the invention.
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What is claimed is:

1. A composite for forming a lightweight ductile fiber
reinforced cementitious composite (FRCC) protective layer
to protect a foamed concrete core in a composite wall panel
from heat, moisture, liquid, chemical ions, carbon dioxide
and other environmental factors, said composite comprising
cement, silica sand, water, polyvinyl alcohol (PVA) fiber, a
lightweight filler, pozzolans, superplasticizer, and Hydrox-
ypropyl Methyl Cellulose (HPMC);

wherein said PVA fiber has a mean diameter of about 10 um

to 60 um and a mean length of about 4 mm to 30 mm;
wherein the lightweight filler comprises bubbles, each of
the bubbles having a mean diameter of about 10 um to
150 um and a mean density of about 0.15 g/cm® to 0.75
g/cm? for decreasing thermal conductivity of the FRCC;
wherein the pozzolans comprise fly ash, slag, and silica
fume;
wherein a binder comprises the pozzolans and the cement;
wherein a ratio of the water to the cement plus the poz-
zolans is 0.3-0.45 by weight simultaneously with the
bubbles are used as the lightweight filler for improving
barrier resistance of the FRCC to liquid, gas and ion;

wherein a ratio of the cement: the fly ash: the water: the
silica sand: the lightweight filler: the HPMC: the super-
plasticizer by weight is 0.2: 0.8: 0.35: 0.165: 0.05:
0.0011: 0.0007,
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wherein said composite is lightweight and has a density of
about 1200 to 1800 kg/m> after curing in wet condition;

wherein said composite has a water permeability of about
0.05x107*? to 501072 my/s;

wherein said composite has a chloride diffusion coefficient

of about 0.05x107'2 to 50x107*% m?%/s;
wherein said composite has a carbonation rate of about
1-2.5 mm/year °>.

2. The composite of claim 1, wherein said cement is
hydraulically settable cement.

3. The composite of claim 1, wherein the content of said
PVA fiber is about 1.5 to 2.5 percent by volume.

4. The composite of claim 1, wherein each of the silica sand
has a mean diameter of about 50 um to 300 um.

5. The composite of claim 1, wherein the bubbles have
walls made of glass, ceramic or polymer.

6. The composite of claim 1, wherein said composite
exhibits strain hardening behavior and has a tensile strain
capacity of about 0.3% to 4.5%.

7. A FRCC protective layer formed from the composite of
claim 1, wherein at least two FRCC protective layers are
precast or cast on site to sandwich said foamed concrete core
in order to form a 3-layer concrete structure of the foamed
concrete.

8. The FRCC protective layer of claim 7, wherein each of
said FRCC protective layers has a thickness ranging from 5
mm to 50 mm.

9. A foamed concrete structure comprising the FRCC pro-
tective layer of claim 1.

10. The structure of claim 9, wherein said structure is built
by precast or cast on site.

11. A wall panel comprising a foamed concrete core and at
least two of a fiber reinforced cementitious composite
(FRCC) protective layers;
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wherein said foamed concrete core is sandwiched between

said at least two FRCC protective layers;

wherein said at least two FRCC protective layers are

formed by the composite of claim 1.

12. The wall panel of claim 11, wherein said wall panel is
made by precast or cast on site.

13. The wall panel of claim 11, wherein said foamed con-
crete core has a thickness of about 50 mm to 500 mm.

14. The wall panel of claim 11, wherein each of said at least
two protective layers has a thickness of about 5 mm to 50 mm.

15. The wall panel of claim 11, wherein said wall panel has
a thickness of about 60 mm to 600 mm.

16. The wall panel of claim 11, wherein said foamed con-
crete core is formed by a foamed concrete core composition,
said composition comprising:

1 to 60 percent by volume of cement;

0 to 75 percent by volume of fly ash;

0 to 50 percent by volume of slag;

0 to 20 percent by volume of silica fume;

0 to 50 percent by volume of sand;

0 to 75 percent by volume of hollow aggregate with water;

0 to 2 percent by volume of naphthalene sulfonate based

superplasticizer or polycarboxylic acid based superplas-
ticizer;

1 to 40 percent by volume of foam bubbles, wherein the

foam bubbles are formed by combining pressurized air
of 1-5 bars and pressurized water of 1-5 bars with a
protein based foaming agent or a synthetic based foam-
ing agent in a foaming machine, and the foam bubbles
produce air spaces distributed throughout the foamed
concrete core; and

0 to 5 percent by volume of one fiber selected from

polypropylene fiber, polyethylene fiber, polyvinyl alco-
hol fiber, glass fiber, or carbon fiber.

#* #* #* #* #*



